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INK4a , a cyclin-dependent kinase inhibitor, and expression of the catalytic component of human telomerase (hTERT) are necessary for HMEC immortalization. Here we show that primary HMECs, grown on feeder layers, do not undergo this growth arrest and can be immortalized without abrogating p16. These findings support the concept that the so-called M0 stage represents a cell culture stress-induced growth arrest and that hTERT is sufficient to immortalize HMECs when cultured under adequate conditions. Oncogene (2002) 21, 7897 -7900. doi:10.1038/sj.onc. 1205902
Keywords: telomerase; senescence; culture; methylation; growth arrest Previous reports have shown that under some culture conditions human mammary epithelial cells (HMECs) undergo a self-selection or M0 stage after an initial growth period of approximately 10 -15 population doublings (Romanov et al., 2001; Kiyono et al., 1998; Brenner et al., 1998; Huschtscha et al., 1998) . Emergence from this transient growth plateau is correlated with loss of p16 expression (Romanov et al., 2001; Kiyono et al., 1998; Brenner et al., 1998; Huschtscha et al., 1998) . It has also been claimed that loss of p16 expression, in addition to the expression of the catalytic component of human telomerase (hTERT), is required for the immortalization of HMECs (Kiyono et al., 1998) . The premature growth arrest and loss of p16 in several epithelial cell types are due to inadequate growth conditions that can be overcome by the use of feeder layers (Ramirez et al., 2001; Shay and Wright, 2002) . We therefore sought to determine whether HMECs, under adequate growth conditions, could be immortalized with human telomerase without the need to abrogate p16.
We first transferred the early passage HMECs (derived from organoid cultures) from plastic culture dishes to dishes with feeder layers (mitomycin-treated 3T3 cells) to prevent a p16-induced growth arrest. HMECs grown on feeder layers did not exhibit an early growth slow down while HMECs grown on plastic showed a typical plateau phase associated with 'self-selection' (Figure 1 , Romanov et al., 2001; Kiyono et al., 1998; Brenner et al., 1998; Huschtscha et al., 1998; Ramirez et al., 2001) . Thus, M0 is not senescence (Romanov et al., 2001) , but a culture-condition dependent growth arrest and selection stage from which HMECs can emerge at a high frequency.
We next tested whether the catalytic component of human telomerase (hTERT) was able to immortalize human mammary epithelial cells while growing on feeder layers. HMECs infected with hTERT-expressing retrovirus vectors showed positive telomerase activity as shown by the TRAP assay (Figure 2a ). Continuous growth of the HME+hTERT cells on feeder layers allowed for the direct immortalization of these cells using standard HMEC growth conditions plus 1% serum ( Figure 2b ). The cells have now divided more than 120 times, more than three times that of controls, and are continuing to divide at normal rates without any signs of slowing down. Continued culture of the vector only and uninfected controls did not result in spontaneous resumption of growth. Serum has been described as one factor inducing the differentiation of basal to luminal cells (Ethier et al., 1993) . The protein p63 is a marker for basal cells (DiRenzo et al., 2002) . Figure 2c shows that the low concentration of serum needed to support the feeder layers was not sufficient to cause this transition and that the immortalized cells retained the basal cell marker. The immortalized cells were also positive for other basal cell markers, such as the keratins 14 and 18 (data not shown). Cytogenetic analyses showed that the HME+hTERT cells grown on feeder layers retained a normal karyotype and did not exhibit the multiple abnormalities found following self-selection (Romanov et al., 2001) .
p16 protein levels did not increase in late passage HMECs grown on feeder layers nor did the levels change with the expression of hTERT (Figure 3 ). The p14 ARF protein was not detectable in HMECs ( Figure  3 ). Hyper-and hypo-phosphorylated forms of the retinoblastoma protein (Rb) were detected in the HME+hTERT cells grown on feeder layers compared to Hela cells (a cervical carcinoma cell line), which showed the hypophosphorylated form only, and MCF-7 cells (a breast carcinoma cell line), which showed both hyper-and hypo-phosphorylated forms (Figure 3) .
We examined whether the immortalized HMECs grown on feeder layers retained p16 protein that responded to cellular stress. First, we transferred HME+hTERT cells grown on feeder layers to plastic dishes in chemically defined media, reasoning that the removal of the mesenchymal (feeder layer) cell contact or secreted growth factors could potentially activate the p16-induced cellular stress response. A strong upregulation of p16 five to seven days after shifting to plastic culture dishes was observed as well as a growth arrest of the entire HME cell population (Figure 4) . We also infected the hTERT immortalized HMECs growing on feeder layers with a retroviral vector encoding the Harvey Ras sarcoma viral oncogene homologue (H-RasGV12). The addition of Ras resulted in increased p16 levels (after 5 -7 days) and ultimately a growth arrest of the entire HME cell population (Figure 4) . While Ras is known to effect the expression of other proteins, this indicates that p16 is functional and likely to be involved in the growth arrest (Serrano et al., 1997; Robles and Adami, 1998 ).
Post-M0 selection cells frequently contain a methylated p16, and treatment with the methylation inhibitor, 5-aza-2-deoxycytidine, results in the activation of p16 protein expression and growth arrest (Brenner et al., 1998; Figure 4) . In contrast, the addition of 5-aza-2-deoxycytidine for 72 h to HME+hTERT cells grown on feeder layers did not increase the amount of p16, indicating that p16 was not methylated or hemi-methylated (Figure 4 ). All three of these results confirm that HME+hTERT cells grown on feeder layers retained p16 protein that responds to cellular stress.
Here we show that, under adequate growth conditions, telomerase activity alone can immortalize HMECs without the inactivation of p16. Culturing HMECs on plastic culture dishes induces a self-selection or M0 stage mediated by increased p16 levels and leading to a premature (telomere-independent) growth arrest (Romanov et al., 2001; Kiyono et al., 1998; Brenner et al., 1998; Huschtscha et al., 1998) . Romanov et al. (2001) stated that this plateau exhibited characteristics of senescence but was not a permanent barrier to further growth. These authors redefined this stage, previously referred to as M0 (from which cells emerge spontaneously at a high frequency) as senescence (Romanov et al., 2001 ). Our results demonstrate that this arrest cannot be considered senescence since it does not occur when cells are provided with a more favorable environment. Culturing on feeder layers provides adequate growth conditions so that HMECs do not upregulate p16 and thus can be immortalized with hTERT alone. Ongoing data with two other primary HMEC strains indicate the lack of p16 abrogation on feeder layers is a generalized phenomenon and not specific to one HMEC strain. These findings support the hypothesis for a stress-induced abrogation of p16 of HMECs growing on plastic culture dishes, but more importantly indicate that loss of p16 is not required for HMEC immortalization. Inactivation of p16 is clearly occurring in many tumors, and it may be silenced because it contributes to a checkpoint arrest of invasive cells that migrate into an inappropriate environment. However, to date there is no evidence supporting an independent role for p16 in the regulation of replicative aging. In the absence of in vivo data suggesting other counting mechanisms, we propose the adoption of the functional definition that culture conditions are adequate if they permit cells to reach a telomere-based replicative senescence that can be bypassed by the expression of telomerase (Shay and Wright, 2002) . population doublings before slowing down while HMECs grown on plastic (filled squares) experienced a growth plateau termed self-selection or 'M0' at 10 -15 population doublings, escaped from M0 and then grew an additional 30 -35 population doublings. HMECs were derived from a 33-year-old patient's breast tissue with no history of breast cancer. Cells for primary culture were obtained and co-cultured with mitomycin-treated 3T3 feeder layers as described previously (Ramirez et al., 2001) . Briefly, 2610 4 cells/cm 2 mitomycin-treated 3T3 cells were plated as feeder layers and allowed to attach before plating the HMECs at 10 4 cells/cm 2 . Cells were fed every other day and split when the HMECs were 80% confluent (feeder layer cells occupied 20% of the dish). To separate feeder layer cells from HMECs, feeder layer cells were detached and discarded from the culture dish by extensive pipetting with 0.02% EDTA. After ensuring under a light microscope that the feeder layer cells were removed from the dish, the HMECs were split as usual with trypsin/EDTA Figure 2 HMECs grown on feeder layers are immortalized by telomerase and retain basal epithelial characteristics. (a) TRAP analysis revealed telomerase activity in the hTERT infected HME cells grown on feeder (FL) layers (HME+FL+hTERT) compared to uninfected (HME+FL) or vector (pBp) control cells (HME+FL+pBp). HMECs at approximately 30 -50% confluency growing in 100 mm plates in the presence of puromycin-resistant feeder layers were infected with pBABE alone or pBABE containing hTERT in the presence of 4 mg/ml of Polybrene (Sigma) for 10 -12 h. Seventy-two hours later, the cells were selected with 350 ng/ml of puromycin. Telomerase activity was measured using the TRAP-eze Telomerase Detection kit (Intergen) and established protocols Wright et al., 1995) . A telomerase expressing lung carcinoma cell line and lysis buffer only served as positive and negative controls, respectively. (b) HMECs grown on feeder layers infected with hTERT (filled circles) grow indefinitely while HMECs grown on feeder layers alone (open squares) or infected with vector only (filled diamonds) senesce after 35 -40 population doublings. (c) HME+FL+hTERT cells express the nuclear basal marker p63 while a luminal breast carcinoma cell line (MCF-7) does not. The BRCA1-mutated cell line (HCC1937) showed an intermediate phenotype between luminal and basal. HMECs grown on cover slips overnight were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100 before blocking with 3% BSA. Staining was performed with a p63 antibody (Santa Cruz) diluted in PBS with 0.5% sodium azide and an Alexa-Fluor 568-conjugated secondary antibody (Molecular Probes). The coverslips were mounted with Vectashield containing DAPI (Vector Laboratories) and cells were examined using a Zeiss fluorescent microscope Figure 4 Immortalized HMECs grown on feeder layers retain p16 protein that can respond to cellular stresses. Western analyses showed that HME+hTERT cells grown on feeder layers (HME+FL+hTERT) transferred to plastic dishes increased p16 protein levels. HME+FL+hTERT cells infected with RAS (Morales et al., 1999) also showed increased p16 protein levels compared to uninfected cells. The addition of 5-aza-2-deoxycytidine (5-aza) to HME+FL+hTERT cells did not increase the amount of p16, indicating that p16 was not hemi-methylated. Western analyses were performed as described in Figure 3 . The increase in p16 protein levels by cellular stresses are comparable to the levels elicited by culturing HMECs on plastic at the M0 growth arrest plateau and when post-M0 HMECs are treated with 5-aza-2-deoxycytidine. A cervical carcinoma cell line (Hela, expressing p16) served as an internal positive control so that protein expression could be interpreted relative to the positive control
